Thermodynamics and kinetics are thought to be linked in glass transitions. The quantitative predictions of α-relaxation activation barriers provided by the theory of glasses based on random first order transitions are compared with experiment for 44 substances. The agreement found between the predicted activation energies near T g and experiment is excellent. These predictions depend on the configurational heat capacity change on vitrification and the entropy of melting the crystal which are experimental inputs.
mechanical response is accompanied by changes in thermal properties. Most dramatically the heat capacity drops upon cooling through the transition. This drop is quite measurable and generally appears to approach a discontinuity as the experimental time scale is increased. A variety of mean field models of disordered spin systems, electrical materials and molecular fluids predict a true thermodynamic transition with such a heat capacity discontinuity. In these models the thermodynamic transition occurs at a temperature T K , where the configurational entropy of different mean field solutions vanishes [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
These mean field frozen configurations first appear discontinuously at a higher dynamical transition temperature T A , which coincides with the mode coupling transition for these models. It is natural to take these mean field theories, even given their status as approximations, as the starting point to understand the laboratory glass transitions, much as mean field theories are the natural starting point to understand critical phenomena 14, 15 and nucleation dynamics at ordinary first order transitions 16, 17 . But they are only a starting point. Indeed just as mean field theories of ordinary first order transitions must be supplemented by Maxwell's construction 18 and by a theory of nucleation rates 19, 20 in order to describe how ordinary first order transformations occur in the laboratory, the connection of the existing mean field theories with real supercooled liquids can be made only by constructing "entropic droplets"
which smear out the pure dynamical transition at T A and function as the mechanism of the slow α relaxation, which when it falls out of equilibrium, characterizes glass formation. If the underlying entropy crisis at T K remains in finite range systems, (a debatable point 21 ) a dynamical theory based on entropic droplets yields a free energy barrier consistent with the commonly used Vogel-Fulcher law having a divergence at a temperature T 0 , which according to this theory coincides with T K :
While the well-known observed confluence of kinetic divergence at T 0 and the entropy crisis at T K is based on extrapolation from the experimentally accessible time scales, and has thus been questioned, this confluence is naturally explained by random first order transition (RFOT) theory. As Angell has 3 often pointed out 22 , the empirical correlation between thermodynamics and kinetics goes much further than merely this confluence of T 0 and T K . The further connection can be seen in the coefficients D.
The coefficient, D, varies considerably from substance to substance. The key experimental finding is that the larger is the observed heat capacity change, ∆C p , at T g , the smaller D is. This has led to the concept of "fragility" of liquids which can either be termed "strong" or "fragile" depending on their D values. Within the RFOT framework, understanding the observed thermodynamic/kinetic correlations over a wide range of substances requires a microscopic theory of the free energy cost of entropic droplets. This microscopic theory was provided by Xia and Wolynes 23 , who, using a density functional treatment of a glass transition of a fluid of spherical particles 24 , argued that near T g this free energy cost depended both on the configurational entropy drive to form the droplets and on a free energy cost for mismatched areas, σ, which the density functional theory relates to the entropy cost of localizing the particles, σ 0 = ¾ r 0 -2 k B T log(α/πe). The former term's dependence on temperature is reflected in ∆C p .
The latter mismatch energy depends only logarithmically on the effective spring constant, α, characterizing the caging. α is the inverse square amplitude of vibrational motions in a glassy configuration to the interparticle spacing and is related to the Lindeman ratio. The Lindemann ratio has been measured via neutron scattering and predicted by density functional theory. It varies only slightly from substance to substance, and α is found to be of order 100, the value we will use. Therefore the mismatch energy, which depends only logarithmically on this ratio, is predicted to be a nearly universal quantity in units of k B T g . In this way, as discussed in refs. 23 and 25, if the transition were an ordinary first order one the free energy of a nucleating droplet would be given as a function of the radius of the droplet, as: The critical value of r from this theory gives a reconfiguration barrier proportional to 1/S c 2 . For a random first order transition there is a multiplicity of solutions that can "wet" the droplet. To account for this, RFOT theory uses an idea from Villain first worked out for the random field Ising model to estimate how much the interface is wetted by specific solutions that better match the original. This 4 wetting lowers the mismatch energy, σ(r)=σ 0 (r 0 /r) 1/2 , and leads to the free energy barrier scaling with 1/S c , ∆F ‡ =3πσ 0 2 r 0 /TS c . This wetting argument also restores consistency of the critical exponents at T K with hyperscaling. Combining the mismatch energy with the Xia-Wolynes value of σ 0 it immediately follows that D and ∆C p should be inversely related, as was generally observed 26 . Furthermore the numerical coefficient of the mismatch energy is predicted by the microscopic calculation, crude as it is in some respects, so that the specific relation D= 32k B /∆C p follows from the Xia-Wolynes treatment and can be tested. It is important that this relation is predicted for spherical particles and therefore the ∆C p must refer to the heat capacity change for each of these spheres which might be called "beads". Glasses can be chemically complex. Many glasses are clearly mixtures of nearly spherical entities, such as The entropy of fusion of Lennard-Jones spheres, per particle, S LJ is 1.68k B 25 . When this relation is combined with the microscopic Xia-Wolynes prediction for ∆F ‡ , and the well known form of S c , S c =S ∞ (1-T K /T) with S ∞ given by ∆C p (T g )T g /T K , one obtains the result While resembling Wang and Angell's correlation, strictly speaking, this prediction differs in form from the empirical correlation introduced by them by containing the melting temperature in addition to glass transition temperature. Yet, a commonly used empirical rule for simple substances is that T m =3/2 T g . If this empirical relation is deemed to also hold, then Lubchenko and Wolynes pointed out that the Wang-Angell correlation is to be expected on the basis of the RFOT theory but with a theoretically predicted slope of 52, in contrast to the empirical slope of 56.
In this paper we check the predicted Lubchenko-Wolynes relation 25 Lennard-Jones system. We see there is excellent agreement for the vast majority of the 44 substances for which we have all the relevant thermodynamic and kinetic data, for the freezing and vitrification transitions. Only for 8 substances is the error greater than 25%, while the dynamic range exhibited by m and ∆C p is a factor of 5 or so. With the 8 outliers removed, the current correlation using T m rather than T g shows equally as tight a fit as that obtained by Wang and Angell with the same outliers missing;
the R values of a best fit line are both 0.96. 
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Several aspects of Fig. 1 are worthy of more careful attention. First we note many of the extreme outliers are systems where the assumptions of the microscopic analysis are known to be violated in some way. Selenium, for example, is know to undergo a polymerization transition in the temperature range of the glass transition itself -clearly a changing degree of polymerization would violate the fixed, near-spherical unit assumption. Decalin, TPP and H 2 SO 4 3H 2 O undergo crystallization transitions to orientationally disordered, i.e. plastic crystals, or exist as "glacial" liquid phases. In either case the assumption of complete freezing of degrees of freedom in the crystal or release of degrees of freedom on melting would be violated. Even if we were to remove these outliers it is clear that there are some modest but systematic deviations from the LW prediction. We must remember, however, that within the context of RFOT theory some such systematic deviation is to be expected 25, 28 . The XW estimate of the mismatch energy assumed a maximally sharp interface between the mobilized region and its environment. Two effects within RFOT theory should broaden this interface and this would be expected to reduce the mismatch energy. One effect is that the proximity between T A and T G allows order parameter fluctuations to soften the barrier 25 . This is a temperature dependent effect. Also, in more elaborate theories, the details of replica symmetry breaking ("wetting 28 ") in the interface can change the surface cost and introduce another length scale. Only a modest change of the mismatch energy estimate would be needed to bring any of the measured substances into perfect agreement with theory. It appears, however, that overall a small hardening is needed. We should, however, also keep in mind that not all of the substances surveyed are so well modeled with Lennard-Jones attractions, and thus they may have different density changes on freezing which would modify their entropy of fusion.
This is a likely contribution to the deviation from theory.
This survey of experimental data on simple molecular substances leads us to conclude that the empirical correlations of kinetic and thermodynamic data for glasses and supercooled liquids summarized in Angell's notion of fragility are robust, at least for those systems credibly modeled as interacting (fused) spheres. Others have raised concerns about the earlier empirical correlations for polymeric systems 29 . Yet the necessary information about crystallization for these polymer systems is hard to monitor, making the present method of analysis difficult.
While we have observed some molecule specific deviations from the pattern of correlation between dynamics and thermodynamics, the observed correlation is extremely clear. Explaining these correlations, in our view and that of others, should be required of any microscopic theory of the glass transition in supercooled molecular liquids 30 . As we have shown here, the microscopic theory of glasses based on random first order transitions not only predicts these robust trends but provides quite accurate quantitative predictions of kinetic fragility from thermodynamics without the use of any adjustable fitting parameters for 44 substances.
We are grateful to M. Wang and C.A. Angell for helpful discussions and for making available to us the data they used for their previous analysis of kinetic-thermodynamic correlations in supercooled liquids that was listed as supplementary material in their paper 27 . This work was supported by NSF grant CHE0317017, "The Energy Landscapes of Glasses, Liquids, and Solutions". Table 1 . A survey of experimental data and theoretical results for 44 materials, including an explicit calculation of m(theory) predicted by RFOT and the number of beads per molecule for each substance, predicted from the melting entropy.
